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I INTRODUCTION 
THE PROBLEM 

Weather 
prognostic pressure charts for wide areas must be pre- 
pared regularly, with a minimum time interval between 
collection of the data and dissemination of the finished 
charts. 

Although i t  is well recognized that the direction of 
movement, the speed of movement, and the deepening 
and filling of cyclones are 80 interrelated as to constitute 
a single problem, the direction of movement durin 
30-hour period was selected as the subject of the 
investigation.' This selection was made because it seemed 
advisable to attack the various aspects of the problem 
individually in order to reduce the investigation to a 
reasonable scale, and the direction of movement seemed 
to be the simplest aspect and at the same time.one of the 
most vital. A forecast of direction of cyclone movement 
durin the next 30 hours is defined as the straight line 

surface cyclone to the point a t  which the cyclone 
be located 30 hours later-the line on which it w i l l  be 
found 30 hours later, regardless of the path it may follow 
or the distance it may travel during the period. 

3 exten % ing from the current map position of an existi 

LIMITATIONS OF THE PRESENT STUDY 

In order to secure data with some degree of homo eneity, 
the investigation waa confined to cyclones founcfin the 
region of the United States and Canada east of the 
Continental Divide. Restrictions in season also seemed 
advisable, and therefore, only the winter months of 
December, January, and February were considered. 

With attention to the operational problems of the 
WBAN Analysis Center, it was obvious that, to be useful, 
any technique developed must employ only those data 
which are available to the forecaster at the time he is 
preparing the prognostic chart; also, the technique must 
be sufhiently Simple that 8 dieproportionate amount of 
time will not be consumed in using it. 

1 A study dealgned to foreeast the S&bour deepenfng and W g  of wlnter cyclones Is  
in mPnoserlpt form and alll be ablbhed ktm. fmd work fs m t l y  bdw done on 
the problem of forearsthg the d o u r  spmd of movement of wintar cyclones. 

a 1 M - i  

METHODS OF INVESTIGATION 

A study such as this can be considered to comprise four 
distinct phases: first, selection of important factors related 
to the specific problem, based on previous themet id  
studies and the experience of forixasters ; second, measure- 
ment and numerical expression of those factors; third, 
determination from paat data of their combmed relation- 
ship to the item to be forecast; and fourth, verification 
of prognostications made by applying the developed tech- 
nique to independent data. The second phase is the most 
difEcult, although the value of the study depends on the 
outcome of the independent tests. 

This investigation was not intended to discover- new 
variables to be used in forecasting but, rather, to evaluate 
systematically some of the more important ones which are 
currently used or advocated. When a forecaster is de- 
ciding something about where a given low pressure center 
will be a t  some future time, he considers many aspects of 
current and paat synoptic charts such as past movement, 
field of 3-hour isallobars, field of 12-hour pressure changes 
at sea level, general appearance of the current sea level 
pressure chart, flow patterns and changea a t  various upper 
levels, three-dimensional temperature field, and many 
others. In order to find the degree to which such aspects 
o€ the current meteorological situation are indicative of 
the subsequent 30-hour direction of movement of the low 
pressure center, a simple graphical procedure was employed 
in this study. A meteorological factor capable of numer- 
ical expression from available data was evaluated for a 
number of cases and then plotted against the ordinate 
of oberved difection of movement of the low center dur- 
in the fol lomg 30 hours. (Fig. 10 illustrates this pro- 
ceLe . )  This method of investigation makes possible 
the establishment of relationships between the variable 
and the item to be forecast, without the neoessity of first 
knowin the exact form of the relationship. If the data, 

systematic fashion, such as along and about a straight 
line or a curve, a relationship can be said to exist; if they 
are not arranged along some simple or slightly complex 
curve, it can only be concluded that any existing relation- 
ship is not evident from this simple methodof handling 
the data. The variable under consideration must then 
be discarded, or some more precise means of expressing 
it must be found. 

wheq p k otted on the graph, are found to be arranged in a 
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If it is sus ected that two variables operate in a fashion 

one can be used as the ordinate of a graph with the other 
as the abscise,. and the observed value of the item to be 
forecast (in thu study, the observed direction of move- 
ment of the low center) can be entered at the intersection 

14 illustrates this procedure.) thus determined. 
When this type of p a p  includes a large number of cases, 
the values entered at the intersections can be analyzed for 
distribution and gradient; if some relationship exists, 
isopleths can be drawn. This simple device can be used 
advantageously on man problems when the exact forms 
of relationships are not hm. To some extent, it takes 
care of the difficulty which frequently confronts a fore- 
caeter when consideration of two separate variables sug- 
gests diftering forecasts. Sometimes the indications from 
one variable will be more nearly correct, sometimes the 
indications from the other. If the data are handled prop- 

welght to the various factors and thus he P p in the resolving 
erly, this graphical technique will tend to 

the forecaster‘s problem b indicating when one factor is 
more important than ano ti er. 

The very simplicity of this a proach may make it 
ap ear to the reader that a stu 1 y such as this one is 
arfitrary , empirical, and superficial, This impression 
may be the result of the simple measures which are 
frequently used to express some aspect of a meteorological 
situation. For example, in a particular study it may 
be found, after rather exhaustive tests, that the surface 
dew point at some station is almost as good a measure 
of the amount of moisture in the air as more elaborate 
evaluations, such as total precipitable water in the 
atmospheric column or mean moisture content in some 
particular ’isentropic layer; then it is quite natural that 
the dew point will be used because it is so readily obtained. 
To the cursory reader the dew point at this particular 
station may seem to be of only minor importance in the 
solution of the roblem at hand; but its use may be 

examinetion shows that extreme 
values of dew point a t  that station will occur only with 
a certain synoptic situation, and that the dew point 
value is therefore a far more significant indicator than 
was first believed. Also, although it has often been found 
that more elaborate measures give somewhat better 
results, the ma not be enough better to justify the 
additional Juy if€ic ty and time involved in obtaining and 
resolving them into a unSed forecasting tool. 

INVESTIGATIONS 

Of the 25 or 30 difEerent factors which were investigated 
in the course of this study, 4 which seemed to contain 
nearly all of the useful information readily available from 
the current synoptic charts were: 

1. A normal 24-hour direction of movement based 
on the data published by Bowie and Weightman 

2. The direction the particular cyclone moved during 
the past 6 hours. 

3. The orientation of the major trough in the sea- 
level ressure pattern. 

4. The grection from the 3-hour anallobaric center 
behind the cyclone to the 3-hour katallobaric 
center ahead of the cyclone. 

A discussion of some of the other factors investigated will 
be found in the APPENDIX to this paper. 

demanding t ga t they should be considered simultaneously, 

‘“i% 

justified when c o w  Y 

ill. 

NORMAL DIRECTION OF MOVEMENT 

When an experienced forecaster looks at a given weather 
situation and remarks that such a low generally moves 
“so and so,” he i s  drawing upon the total of his experience 
with lows similar to the one in question. In  a subjective 
way he has formed in his mind a “normal” path for such 
lows. There seems little doubt that this information is 
useful in forecasting; therefore, a quantitative evaluation 
of “normal” direction should be even more useful. 

The work of Bowie and Weightman [l] gives, for each 
map area 5’ square, the average 24-hour speed and direc- 
tion of movement of lows for each month of the year. 
(No 30-hour averages were available.) These averages 
are based on 20 years of data and are grouped accordmg 
to the geographical area (see fig. 1) in which the low first 
appeared and from which it received its type designation. 
Examination of the Bowie and Weightman data disclosed 
that the averages for some 5’ squares were based on very 
few cases. For the purpose of the present study a more 
stable “normal” direction was needed. Inasmuch as the 
changes of the Bowie and Weightman average directions 
from month to month a t  any geographical point were 
considerably less than the changes of the averages from 
point to point, it  was decided that representative “winter” 
normal dlrections by geographical type could be obtained 
b combining Bowie and Wei htman data for the months 09 December, January, and %ebruary. This was done, 
with each month being weighted according to the number 
of cases of a particular t e of cyclone recorded in the 

O r i P  igures 2 through 9 show the results of combining 
these winter data; the geographical types of the earlier 
investigation have been maintained separate1 except 
for the South Atlantic and East Gulf types wlkh  were 
combined into a single normal chart because few data 
were available for either and differences between the 
types did not appear to be great. The average observed 
24-hour direction of movement is shown by the numbers 
appearing on the maps in the center of each 5’ s uare of 

number of “winter” cases which appear in that 5’ square on 
the Bowie and Weightman maps. For example, in figure 
4, the 5’ square from 35O N. to 40’ N. lat., and from 110’ 
W. to 115’ W. long., shows a direction of 0’ for the aver- 
age direction of movement of the 33 cases of South Pacific 
Lows. The 0’ for direction of movement means a straight 
line tangent to the parallel of 37%’ N. lat., a t  112%’ 
W. long., which in this case, therefore, passes approxi- 
mately through Tulsa, Okla., and Savannah, Ga. (The 
error of measurement is negligible for directions laid off 
in this way on any conformal conic map projection, using 
an ordinary protractor oriented according to the meridians; 
however, a special direction-measuring device has to be 
used on other map projections.) The isograms on these 
maps were drawn and labeled in terms of degrees from 
“east” (“east” being 0’ laid off as indicated above). 
Positive values indicate degrees north of east, and nega- 
tive values show degrees south of east (with north as 
+90° and south as -90’). For example, an Alberta Low 
situated at Milwaukee, Wis., has an average 24-hour 
direction of movement of +15’ (see fig. 2), which indi- 
cates a line approximately through Bangor, Maine. 

In  order to determine something of the usefulness of 
these modified Bowie and Weightman average directions, 
hereafter referred to as normal directions, 68 cases of 
winter cyclones east of the Continental _Divide were 

1 observations for t F a t  month. 

figures 2 through 9; numbers in parentheses give t % e total 
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FI.GURP 1.-Map showing regions of flrst appearance of storms on the weather map of the United States and Canada, used for designation of storm types. (From 
Bowie and Weightman 111). 

FIOUES l.-Map &ow& isoenrms of averwe %(-hour direction of movement of whter cyclonas drawn from average directlon of movement by 6' squares (shown 
by numbem), based on winter ewes In Bowie and Weightmad b t a  (numbers In parenthew). 
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FIGURE X-Map showing isograms of average %-hour direction of movement of winter cydone~, dram fromaversge dlrectim Of movement bp 64 8qUarSS ( s b m  
by numbers), bawd on winter cases in Bowie and Weightman data (numbers in parenthe.53). 

FIGIJBZ 4.-Map showingisograma ofaverage~h~rdirectionofmovem~tofwintercpelones,drawn~aveROedirecttcmofmw~t b p S D n m  mhawn 
by numbers), based on wiflter caw in Bowie aad Wdghtmau data (numbera in parentheses). 
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FIGURE 5.-Map showing lsograms of average !H-hour direction of movement of winter cyclonw drawn from average direeUon of movement by 5' squaw (am 
by numben), based on winter QBBS in Bowie and Wdghtmd data (numbers inparentheses). 

Fiowr &--Map showing isograms of average M-hour direction of movement of winter cyclom drawn from average dlrection of movement by 5'' squares (shown 
by numbers), basbd on winter csaes in Bowie and Weightmd data (numbers in parentheses). 
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Flouar 7.-Map showing isograms of average 24-hour direction of movement of winter cyclonm drawn from average direction of movement by 6 %quam (shown 
by numbers), based on wlnter caws in Bowie and Weightmad data (numbers in parenthesea). 

FIGWRX &-Map showing isograms of average 24-hour direction of movemeqt of winter c clones, drawn from average direction of movement by 5 O  squares (shown 
by numbers), bssed on number of wmter cases u1 Bowie anZWdghtman data (numbers m parentheses). 
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FIGIJBE Q.-Map showing isograms or average 24-hour direction of movement of winter cyclones. drawn from average direction of movemat by &io squares (shown 
by numbers). based on number of nlnter casea in Bowie and Weightman data (numbers in parentheses). 

collected from the available weather maps of 1941 through 
1945. Only those cases were chosen which conformed to 
the following conditions: (1) An identiilable low pressure 
center or wave existed and could be followed for a t  least 
30 hours; (2) the various aspects of the synoptic situation 
were sdiciently definite that the meteorological factors 
used in this study could be evaluated with reasonable 
accuracy. Each low center was h t  classiiled according 
to the area in which it first appeared in figure 1. When 
it was thus typed, the a propriate normal direction of 

2 through 9. For each low the direction from the cur- 
rent position to the position 30 hours later was measured 
with an ordinary protractor, as described above. The 
observed 30-hour direction value abtained in this way is 
the variable this study aims to forecast; therefore, those 
observed values are considered as the dependent variables. 

The curve in figure 10 was fitted to the data by a simple 
procedure which combines the method of average poiuts 
with a graphical technique 121. The data were divided 
into groups according to the values of the independent 
variable (the abscissa), and the meun value of the de- 
pendent variable (the ordinate) was computed for each 
group; these are represented by the crosses on figure 10. 
The curve shown was drawn by eye to fit what appeared, 
from the group averages, to be the approximate form and 
trend of the relationship. This is, of course, not 8n exact 
method of determining a relationship, but it can be done 
quickly and easil , and for ad practical purposes it gives 

figs. 11,12, and 13 were prepared jn the same way.) From 
the curves of figure 10 it is readily apparent that a relation- 
ship exists (linear correlation 0.64), but i t  is also apparent 
that forecasts based on normal direction alone would be 
unsatisfactory. Most of the caaes with negative normals 

movement was determine d! from the correct map of figures 

what appears to t e an adequate 8nswer. (The curve8 in 

(i. e., those having a normal direction to the south of east) 
are Alberta Lows, and although there is little variation in 
the normals, there is considerable variation in the observed 
30-hour direction of movement. Figure 10 shows that 
normal direction is, in general, a rather pertinent factor in 
forecasting the future 30-hour direction of movement of 
lows, but it also illustrates the condition alluded to pre- 
viously, viz., a factor may be useful in certain ranges of the 
data but nearly useless in others. 

DIRECTION OF MOVEMENT DURING THE PAST 6 HOURS 

To many meteorologists the future path of a low is to 
some extent indicated by its track during the past few 
hours. Probably a more desirable indication of direction 
of movement would be the instantaneous direction at the 
time of the current map, but since that is very difficult to 
obtain from the weather maps, the straight-line direction 
from the position of the low center 6 hours past to its 
current position was used. 

Figure 11 shows for the 68 casee described above the 
relationship between the direction of movement of low 
centers during the past 6 hours and their observed direc- 
tion of movement during the subsequent 30 hours. It 
thus represents an evaluation of extrapolation. The re- 
lationshi appears t . ~  be good enough to be useful for fore- 
casting &near correlation = 0.74), but the scatter to the 
left of the zero line suggests that low centers which have 
not “recurved” toward the north will cause most errors 
in direction forecasts based on extrapolation. (A “re- 
curved” low is here defined as a low center which had 
moved to the north of east during the past 6 hours, i. e., 
the direction of movement during the past 6 hours is 
positive when measured in accordance with the previously 
described technique for measuring 30-hour movements.) 
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DIRECTION OF NORMAL 24-HOUR MOVEMENT OF LOW 

FIGURE lO.--Oraph showing relationshlp between direction of normal 24-hour movement 
of winter cyclones and the direction of observed 30-hour movement of 68 lows in 
original data. 

ORIENTATION OF THE MAJOR AXIS OF THE TROUGH 

Petterssen [3] has suggested that for elongated pressure 
centers the direction of movement lies between the longest 
symmetry axis and the isallobaric gradient t h u g h  the 
center. Initially, considerable time and effort were ex- 
pended in this study to evaluate that rule. Various 
tcttxmpts were made to expresa the effectiveness of the 
direction of the major axis of 8 low center as a function 
of its degree of elongation. Some succea~~ waa achieved, 
but the &culties of measuring the length of the major 
and minor axes made the resultant cherts subject to large 
mom; therefore, all attempts to make use of the degree 
of elongation were abandoned, and merely the orientation 
of the largescale, over-all trough in the surface pressure 
pattern was used for trough direction and evaluated 
separately. The direction of elongation of the few inner- 
most isobars of a given low center was discarded in favor 
of the orientation of the “valley” wherein the low center was 
found, uaually between two or more rather extemive high 
pressure cells, In some reapecta, however, this item WBB 
rather unsatisfactory to evaluate, since there is sometimes 
e doubt to which direction to d l  the trough direction. 
For example, with an Alberta LQW in Kansas and a defi- 
nite north-south trough., it would in some wags be bo 
more logical to consider the trough direction as north from 
the center than south from it. In  the majority of cams 
the direction which agreed closest with the direction of 
movement during the past 6 hours waa chosen, although 
no exact rules were formulated and each case waa con- 
sidered rather subjectively. In those cases where the 
trough direction was too indistinct for trustworthy deter- 
mination, the low center WBB considered to be circular, 
and the 3-hour isdobsric gradient (discussed in. a later 
section) waa substituted for trough direction. This sub- 
stitution was somewhat arbitrary, but any device which 
systematically combines a number of variables into a 
“forecast” becornea useleas if, aud when, one of those 

variables is missing; therefore, any variable used must 
have some numerical value for each and every case. If in 
a given case some of these factors cannot be expfessed 
with some degree of accuracy, that case must be considered 
as one to which the device in question is not applicable- 
just as extrapolation is not possible for a low that has just 
formed and has no history. 

The trough directions, measured, then, as objectively as 
possible for the 68 cases, were plotted against subsequent 
30-hour directions of movement of the low centers (fig. 

direction seems at times to give indications of storm move- 
ment d a c u l t  to measure in any other way. 

12). Results were none too encoura g (linear correla- 
tion=0.59), but subsequent work in that trough 

DIRECTION OF THE 3-HOUR ISALLOBARIC GRADIENT ’ 
In  order to obtain a measure of the average effect of 

the direction of the gradient in the 3-hour surface isallo- 
bars, the direction from the center of the 3-hour anallo- 
baric area to the center of the 3-hour katallobaric area was 
tabulated for the same 68 observed cases. Of course, 
these were the anallobaric and katdobaric areas which 
appeared to be directly associated with the low center- 
the pressure rise center following the low and the pressure 
fall center ahead of it. 

Figure 13, which shows this measure of the direction 
of the current isallobaric gradient plotted against the 
subsequent 30-hour direction of movement of the low 
center, indicates that the direction from the 3-hour anallo- 
baric center to the 3-hOUr katallobaric center,is a reason- 
ably good first approximation of the direction the low 
center will move during the next 30 hours (linear correla- 
tion=0.72). It was one of the most useful factors found 
on the current synoptic charts. 

Although this measure of direction of the isallobaric 
gradient was found to be highly correlated with the direc- 
tion the low center had moved during the past 6 hours 
(linear correlation = 0.75), it  nevertheless seemed to con- 
tain some independent information. Relatively high cor- 
relations such as this frequently exist among man of the 

supposedly independent variables add to the complexity 
of a forecasting problem by making it dficult to find 
independent meaaures of a synoptic dtuation. 

COMBINATION OF VARIABLES 

aspects of 8 synoptic situation. Such correlations i!) etween 

STRATIFICATION O F  DATA 

. As the first step ih combining the four variables-normal 
direction, past direction, trough direction, and isallobaric 
direction-into a single forecast, the data were stratlfied 
sccordin to the direction of movement during the past 6 
hours. 2 s  was pointed out in the previous discussion of 
that variable, its usefulness was less when applied to caaes 
in which low centers htxd not recurved than to those which 
had recurved. Therefore, the 68 cases were stratified into 
two groups: those in which past &hour movement was 0’ 
or in the negative direction (33 nonrecurved cases) ; and 
those in which the past 6-hour movement was in the posi- 
tive direction. (35 recurved cases). 

* The possibllltybf a p p M g  thid &able Wag inferred from the statamautn of Pet- 
sen [a1 and it WRBB Med at €he W t l c  hYg.$wtlan of A. K. Showalter who stated that hir 
-rikce in foramstin the direction of movement of cyclones hadbhown the effwtive- 
neas of this msarmre of &e fldd of 3-hour IssUobaR. 
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FIO@EE 11.-Graph showing rela- 
tionship between observed direc- 
tion low moved in last 6 hours and 
directfon of observed =hour mom 
ment for 68 lows in original data. 

QIIEWTATION OF M YlUoR AXIS OF THE LOW 

FIG-. IiL-Graph showing rela- 
tfonshlp betneen direction from 
Lhe 3.hoar ~ o b a r f o  center to 
the %how LataUobaric center and 
the dtrectIon d oteervsd S h o w  
movement for 68 lows in orlgiial 
data 
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FIQVRE lZ.-Graph showing rda- 
tionship betwean the measured 
direction of the over-dl trough in 
the pressure pattern and the dl- 
recthm of ohserved S h o w  move- 
ment for €1.3 lows in original data. 
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FIGITRE ll.-Chart showing data and isopleths in terms of departurea ofsubsequent 30. 
hour direction of movement of the lows from trough direction for cases in which the 
past &hour direction of movement of the low center ww neiative in value. (Data 
entered beaide plotted points me values of direction of subsequent Whour movemeut 
of low minus trough direction.) 

CONSTRUCTION OF CHART6 

Inasmuch as certain aspects of the investigation had 
indicated that the trough direction was of little or no value 
in some situations, it seemed expedient to attempt to 
combine the variables in such a fashion that those situa- 
tions would automatically be taken care of. Charts in 
which the data were all in terms of departures from trough 
direction were therefore prepared on the basis of the work- 
ing hypothesis that: (1) If the past movement and normal 
direction for a given low center were both along the trough, 
the subsequent 30-hour movement might be expected to 
continue more or less along that trough; (2) if a given low 
were not movin alon the trough at forecast time, i t  
would not likely %e ifed by that trough during the next 

siderably from trough direction. 
On the basis of this hypothesis, figure 14 was constructed 

using the 33 cases of low centers which had not recurved. 
The abscissa is the value of the past 6-hour direction of the 
center minwr trough direction; the ordinate is the value for 
the 24-hour normal direction of movement of the center 
minus trough direction. The data which were entered 
beside each point and for which isopleths were drawn are in 
terms of observed direction of movement of the low center 
during the next 30 hours minus trough direction. A fore- 
cast read from the isopleths in figure 14 is therefore in 
terms of departures from trough direction and must be 
algebraically added to trough direction in order to obtain 
the forecast direction with respect to east. Such a forecast 
will be a function of normal direction, past direction, and 
trough direction, with trough direction used in a restricted 
way. This type of graphical correlation uses trough direc- 
tion in such a way that its coefficient is a function of the 
coe5cients of the other two variables. On the face of it, 
this might seem undesirable, and the only reason for using 
trough direction in this way is that this technique for com- 
bining the variables produced forecasts which were slightly 
more accurate than could be made in any other way. 

For each point or case in figure 14, “forecasts” were 
made from the isopleths. They constitutkd only the first 
approximation of a forecast, and in order to incorporate 
the effect of isallobaric direction, figure 15 was constructed. 
The ordinate is the direction value obtained from figure 14, 
and the abscissa is the numerical value for the direction 

30 hours, and the o r served direction would deviate con- 

d 

I2 24 m .. 
arcm nw s-mm MYIDWE cum m a-mm UIYU)I.OC (L*RI~ 01 Y. 

U V U  U P  

Finrm 15.-Chart showing isopleths of direction of movement to he forecast for low 
centers In which the psst &hour direction of movement was neratlve In value-with 
the direction of the 3-hour isalloharic gradient incorporated in the data. 

from the 3-hour anallobaric center to the 3-hour katallo- 
baric center. Data entered beside each plotted point were 
values for observed directions of low center movement 
during the subsequent 30 hours. Isopleths drawn from 
these data represent direction values in degrees north or 
south of east. A forecast made from them incorporates 
the combined effects of (a) where the low center comes 
from, (b) approximately where it is at forecast time, 
(c)  the direction i t  has been moving during the past 6 
hours, (d) the orientation of the major trough in the sea 
level pressure pattern, and (e) the orientation of the 3-hour 
katallobaric center with respect to the 3-hour anallobark 
center. 

Figures 16 and 17 were constructed in the same manner 
as figures 14 and 15, using the group of 35 cases in which 
the direction of movement of the low center during the 
past 6 hours was positive (recurved classification). 

OTHER METHODS O F  COMBINING THE VARIABLES 

In order to discover whether or not the variables 
could be combined in a more satisfactory manner, the 
following methods were used: 

(1) All data (68 cases) were treated together graphi- 
cally, with no stratification. 

(2) A series of graphs was constructed using only 
three of the variables. (Trough direction was 
omitted, since construction of figures 14 and 15 
indicated that it seemed to have little or no 
effect an the forecast in many cases, although 
in others it seemed to be significant.) 

(3) A linear regression equation was computed for all 
data: 

e:+,,--o .28et+ o .3 1 ep + 16 .o o 

This equation indicates that the forecast direction 
for the next 30 hours is 0.28 times the direction 
from the 3-hour pressure rise area to the 3-hour 
pressure fall area plus 0.31 times the direction 
the low center moved during the past 6 hours 
plus 16’. The value obtained is in degrees from 
east. 
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>-XIo -16' t0 -30° -6O to -16' -6 to 4-5" 
--- -- 

3 a 9 9 Amlyda center _ _ _ _ _ _ _ _  - _ _  _ _  - - ~ _ _ _  __ - -_________  ---_________-__I _ _ _ _  _ _  - _ _  
Oraphid technique ________________________________________------------ 0 8 10 17 

(4) Linear regression equations were computed for 
the nonrecurved (33) cases, and recurved (35) 
cases, separately : 
Nonrecurved : 
~+ao=0.290T+0.28@'+0.38~+ 16.0°, 

where OT is trough direction, and P is normal 
direction. 
Recurved : 

$+80= 0.240'+ 0.16@+ 23 .oo, 
where e# and IF have the same meanings as in (3) 
above. 

Forecasts made using independent data with each of 
these systems were, in general, very similar to those made 
from figures 14,15, 16, and 17, but none of them appeared 
to be uite as good aa the system embodied in the use of 
those P gures. 

TESTS ON INDEPENDENT DATA 

Forty-one cases of cyclones from the winters of 1946-47 
and 1947-48 were used to independently test the value of 

4-6' to +16O 4-16' to +30° >+30° 

10 6 a 
a 7 1 

e m  m a  a-mun y y ~ ~ o u l c  onrm m a - m n  UI.LLO.IIC 011111) 01 M n  u. 
UVUW 

F i n i ~ ~ b  17.-Chart BhOWhg isopleths of direction of movement to be forecast for low 
centers in which the past &hour direction of movement w.asposltive in value-with the 
direction of the 3-hOW isallobaric gradient incorporated m the data. 

figures 14, 15, 16, and 17 as forecasting tools. Direction 
forecasts were prepared using these charts, which included 
only the four variables described previously, and were 
then checked against the observed direction of movement 
of the low centers. For the sake of comparison, direction 
values were memured on the prognostic charts prepared 
by the WBAN Analysis Center for the same 41 cases and 
checked against observed directions of movement. Re- 
sultant errors for each type of forecast were tabulated 
(see tables 1 and 2). 

Table 1 shows the number of the 41 cases teated which 
resulted in each class error.a For example, from the table 
it can be seen that the Analysis Center prognostications 
were in error in the amount of -6' to -15' in 9 of the 
41 cases; forecasts made from the charts developed in 
this study, on the other hand, were in error in that amount 
in 10 cases of the 41 tested. The class interval -5' to 
+5' contains the cases tested in which the forecasts were 
"nearly perfect"-deviating from the observed direction 
by only 5O or less. It should be noted that 17 forecasts 
(41 percent) prepared by the graphical technique fell 
into the nearly perfect category. 

a In the deai tions of class m m ,  negative mor indicates that the format was fnr 
movement to tY e nght . of the movement which was observed. 

TABLE 2.-TabL showing uerdjcatdon dah for two types of forecasts for 41 casea tested 
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Table 2 shows how verifications of the two types of fore- 
casts compared in other ways. In  the first column is the 
average error (in degrees) made in all cases. The second 
column indicates the largest error made in any single fore- 
cast by each method. The third column demonstrates 
that, of the 41 cases tested, the Analysis Center pro 
tications were more nearly correct 14 times a n p g i  
graphical forecasts were more nearly correct 26 times. (m one instance the error was the same for both methods.) 
The value in the last column shows the percentage of the 
time that each type of forecast was within loo of being 
correct. 

In the light of this verXcation, the charts apparently 
perform the task for which they were constructed. Here, 

then, is a tested forecasting tool, and it can be said that 
forecasts made from these charts will be correct to within 
1 5 O  about 75 percent of the time, and to within 30’ about 
98 ercent of the time. 

8nly four simple surface variables have been considered. 
It is possible that by judicious amendments to this method, 
based on such considerations as upper air patterns and 
changes, large-scale temperature patterns, 12-hour pres- 
sure changes, and other factors, forecasters may be able 
to make better direction forecasts; but it IS strongly ad- 
vised that careful count be kept of such amendments. 
Only by keeping an accurate tabulation of results can the 
forecaster discover whether or not his amendments are 
increasing the accuracy of forecasts. 

APPENDIX 

INTRODUCTlON 

The purpose of this section is to present what might be 
called the “negative results” of the study. The first 
part of the paper has presented factors which were evalu- 
ated and finally combined into a forecasting tool; this 
section presents some of the other variables which were 
investigated but which either did not improve, or showed 
no promise of improvin , the gmphical forecasts based on 

vesti ation was systematically combined with the existing 
set o P graphical forecasts or with the items which went into 
those foreoasts. If this combination led to “more nearly 
correct” results for the majority of the forecasts, the 
variable was considered an improvement. As the criterion 
of the results, “more nearly correct” meant that verifica- 
tion of forecasts made using the additional new variable 
showed fewer 1 e m r s  and a smaller mean error for the 

the fou: surface variab f es. Each new variable under in- 

total number of T orecasb. 

INVESTIGATIONS 
STEERLNQ [41 

The decision to investigate this factor brought with i t  
the problem of method of approach. Little has been 
written about the term “steering,” and its definition varies 
great@ in us0 by different €orecastem. Among the differ- 
ences is the variation of opinion of what constitutes the 
“steering level,” with some forecasters believing that the 
flow pattern at some k e d  upper level is the directing 
influence on the trajectories of surface disturbances, and 
other’ forecasters inching toward choosing, by various 
means, a different level for each situation. In  general it 
is considered to be some level or combination of levels 
between 850 and 300 mb., and in the cases of the fixed- 
level theory, it is believed to be something like the 700-mb. 
surface or the 500-mb. surface. Differences of opinion 
are also prevalent concerning the “steering current” a t  
the steering level. Some forecasters look ahead of the 
closed low existmg in the surface circulation and some 
look behind it for this current; t h e  am those who con- 
sider. the large-aale brpad current in the region of the 
closed cyclonic circulatiqn tnd others who consider the 
flow on onlv the warm-alr slde or on the cold-air side to 

Thus, with established opinion and good phpical 
reasons both lacking for a basis of approaching the in- 
vestigation of steering in any particular manner, it was 
decided that the method of attack must be somewhat 
empirical. The first step was based on a suggestion by 
Austin [5] that cyclones which are being steered will 
continue to ,be steered and vice versa; this seemed a 
logical startmg point in prepamg to use the data to 
indicate when to consider steering as a factor and when to 
discredit it. In  order to test this idea, the procedure 
finally formulated was to relate the following three factors 
by a graphical method similar to that of the earlier section 
of the paper: (a) Departure in direction of past 12-hour 
movement of the surface low from the directron of orienta- 
tion of the upper-level contours above it at the beginning 
of that period; (b) departure of observed subsequent 
30-hour direction of movement of the surface low from 
the orientation of the upper-level contours above it a t  the 
beginning of that period; (c) orientation of the upper 
contours. Both the 500- and 700-mb. levels were used 
in the plotting,-inasmuch as the most satisfactory level 
for investigation wm not known. 

Figure 18 is the graph showing the attempt to re€ate 
these values of departures from past 12-hour steering to 

DEPARTURE FROM 500-ME. STEERING OF PAST I2 HOURS 
be importaxh. With this diversity of opinion on the con- 
cept of steering, it can only be concluded that steering 
if it is operative, has yet to be explained. 

howm attempt to  relate ~alass d departurea kern paat4&Wr 
steeringtotha&:m% steering of the next 30 hours and to the W t o n  of the 
atwh&g clarant at 600 mb. M y  above the snrlsea!ow. (Valuss appeyinS W d e  
plot points represent departmw from Whom steering.) 
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DllEcTlON OF F U l l  W E R  LQI  AT DaiWNnIG Q 18-KXR PLIIOo. 

FIQUEE 19.--Oraph &owing direction of lahour movement of low m t e r  M a function 
of winds above the low center at the beginning and ending of the I%hour period. (Data 
entered above and to the rl ht of plotted points represent values for the Ishour direc- 
tion of movement; oalnea b o w  and to the left Indete  the dl&renw between the 
observed direction of movement and the mean -on of flow above the low for the 
lahour mod.) 

departures from the steering of the next 30 hours and to 
the direction of the steering current at 500 mb. directly 
above the surface low. Data entered beside each plotted 
point are departures from the 30-hour steering. From 
these, it is apparent that the 30-hour departure value 
does not seem to be particularly well related to the 
direction of the 500-mb. steering current, and even less 
related to the departure from past 12-hour steerin . The 

steering current at 500 mb. for the past 12 hours (a) con- 
tinued to follow it during the subsequent 30-hour period 
when the steering current was directed approximately 
northeast; (b) departed from 20° to 30’ to the right when 
the steerin current was directed to the north; (c) departed 
20’ to 30 to the left when the steering current was 
directed toward about east to southeast. A relationship 
does seem to exist among the three factors, but these few 
data gave little promise of improving the established 
graphical forecast technique based on surface parameters 
only. Even if as many additional cases were plotted on 
the graph of figure 18 as are now shown, and it were found 
that for those additional cases 30-hour steering departures 
were an exact function of past 12-hour steering departures 
(in itself a very unlikely condition), when they were added 
to the data already plotted the over-all relationship would 
still not be particularly good. A aph similar to figure 
18 was prepared from 700-mb. data T ut appeared to be no 
more promising than this graph from 500-mb. data. 

When this first attempt at systematizing the use of 
steering as a variable had failed, fi ure 19 was constructed 

find out somethin about the concurrent relationship 
between upper-leve P flow patterns and direction of move- 
ment of the surface low center. Only the 12-hour move- 
ment of the low center was considered. Figure 19 shows 
this 12-hour direction of movement as a function of the 
winds above the low center a t  the beginnin of the period 
(abscissa) and at the end of the period (orfinate). Data 
entered above and to the right of each point represent the 
observed values for the 12-hour direction of movement. 
The lines drawn sloping upward toward the left represent 
simply the mean direction of flow above the low durin 
the period, i. e., the arithmetic mean of the ordinate an 
abscissa at each point. Values below and to the left of 
each point -indicate- the difference between- the observed 

few plotted data do suggest that lows which fo lf owed a 

!$ 

-not as a possible forecasting too, 5 but as an attempt to 

% 

direction of movement and the mean direction of flow 
above the low for the 12-hour period. 

It will be noted that these differences, or departures, 
were negative in the majorit of cases, that is, to the right 
of the steering current. $he suggestion of Weiss [6] 
that de artures to the right, such as these, are associated 
with d i n g  cyclones does not explain the preponderance 
of these negative values, because, of the 16 lows showing 
the negative values, 7 filled and 9 deepened. Since no 
adequate explanation of the preponderance of negative 
departures was found, the results may be simply a conse- 
quence of a biased sample. A check of the individual 
cases of both 700- and 500-mb. data which were included 
shows, however, that the cases in figure 19 represent nearly 
all stages of development of cyclones. Some were deep, 
cold lows where 700-mb. steering would not have been 
expected to function but did; others were warm lows with 
no apparent orographic effects and with uniform flow at 
700 mb.-cases in which steering would have been expected 
to operate but ap arently did not; one or two cases seemed 

[7]. Results for the 20 cases were, on the whole, disap- 
pointing. For the total number the mean departure from 
steering was 33O; for the seven 700-mb. cases it was 34O; 
and for the thirteen 500-mb. cases it was 32O. 

These results suggested that forecasts of direction of 
movement of lows cannot be made satisfactorily by con- 
sidering only the direction of flow above the surface low 
center-even if that direction could be known in advance 
at a number of times during the forecast period. Atten- 
tion was then directed to another aspect of steering. Since 
so many different ideas seem to exist concerning where to 
look for the steering current, an attempt was made to use 
the data to answer that question. The plan was to use the 
data to establish an “optimum” steering region at some 
level. The 500-mb. level was chosen for study more or 
less arbitrarily. 

The position of each surface low center was plotted on 
the 500-mb. chart available at the time that low existed, 
and a line was drawn from that position (at forecast time) 
to the observed position of the same low 30 hours later. 
Then the area around the point marking the position of 
the current low was inspected in order to locate a region 
on the 500-mb. chart which would give the correct steering 
direction for the next 30-hour movement. The direction 
and distance from the low center to the center of this 
optimum steering region were recorded for each case. In  
the polar diagram of figure 20, the distribution of these 
optimum steering regions is shown with respect to the 
current position of the surface low centers. From the 
diagram it is readily apparent that no specific region is the 
place to look to get the proper steering direction; so the 
next step in the empirical approach was to try to relate 
the position of this optimum steering region at 500 mb. 
to other features of the current synoptic situation. 

The distance from the low center to the optimum steer- 
ing region was not found to be related to (1) direction to 
steering region, (2) speed of steering current, (3) direction 
of movement of the surface low center during the past 
6 hours, nor to anything else that could be found. There- 
fore, the mean of all distances was obtained and used. 
That was about 380 miles from the position of the surface 
low. 

The direction from the law center to the optimum steer- 
ing region was also plotted against various measures of the 
current synoptic situation including those mentioned 
above. Finally, a somewkat satisfactory geographical 
distribution was found. (There seemed to be no physical 
reason why this feot43r ahould be related to.snything in 

to follow very cosely P the principle outlined by Oliver 



194 MONTHLY WEATHER REVIEW SEPTEMBER 1948 

F I C ~ U S ~  aO.-Polar dlagram showing distrlbutlon of optimum steerbg regions with 
respect to current positions of surface low centers. 

articular.) The distribution is shown on the map of 
&ye 21, for which the points were located according to 
the current position of the surface low center. If this 
relationship is real, it might be explained on the basis that 
lows in a certain position tend to have a normal direction 
of movement and tend to be accompanied by certain pat- 
terns at 500 mb. Therefore, the relationship, if any, may 
be of a climatological character. 

Figure 21 and the mean distance of 380 miles were 
then used to determine the optimum steering region for 
the same cases shown in figure 21 plus a few additipnal 
cases. The very nature of this process, “working m a 
circle” and re-using the original data, suggests that good 
forecasts should be obtained. At any rate, in order to 
establish a relationship using figure 21 and the distance 
of 380 miles it was a necessary procedure. When the 
optimum steering region a! 500 mb. was found in this way 
for each case (many turnmg out to be the same as origi- 
nally selected), the direction of the steering current a t  that 
indicated optimum point was also measured for esch case 
and was then used as a “forecast direction” for the sur- 
face low center movement during the next 30 hours. 
Figure 22 shows these steering “forecasts” plotted against 
the observed 30-hour direction of movement of the sur- 
face lows. Naturally, a ve good relationship resulted- 

as a variable. 
The remaining step in this phase of the study of steering 

was to combine the forecast values obtained in the 53 cases 
plotted in figure 22 with the forecast values for the same 
cases as derived from figures 14,15,16, and 17 (the graphi- 
cal technique developed in the first section of the paper). 
Figure 23 shows these two different forecast values plotted 
one against the other. Data which were entered beside 
each point and for which isopleths were drawn are the 
values for the observed 30-hour direction of movement of 
the lows. The shape and slope of the isopleths show that, 
in general, the two forecasts have about equal weight. 
The average residual from figure 23 is 8.8’, whereas the 
average residual from figures 15 and 17 is 10.0’. This 
would appear to be a satisfactory improvement in terms of 
the forecast, but a test using 22 independent caaes indi- 
cated that the “progress” was negative. 

in fact, the best that could ? e hoped for by using steering 
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DIECtlow OF STEERNO CONTOVRS AT OmUW POINT AT 500 MI. 

FXOOEE B.--Oraph showing direction of steering contours at optimum point at 600 mb. 
plotted against the observed direction of =hour movement of low centers. 

This independent test was carried out using 22 of the 
independent cases that were used to obtain the results 
shown in figure 18. Figure 21 was used to find the direc- 
tion from the surface low to the optimum steering re ion 
at 500 mb., and the distance of 380 miles was use% to 
determine the exact point. Steering direction was meas- 
ured at that point. The abscissa of figure 23 was entered 
with this value and the ordinate entered with the graphical 
forecast value based on surface data; the forecast direction 
of movement of the surface low during the next 30 hours 
was then read from the isopleths on figure 23. The aver- 
age error for the 22 forecasts thus obtained was 13.5’, 
whereas the average error for the same 22 cases was only 
10.4O when the graphical forecast from surface data was 
used alone. Of those 22 forecasts, 6 were improved by 
using 500-mb. steering in addition to surface indications; 
3 were not changed; and 13 were made worse. In fact, 
in any way in which a vefication was made, the forecasts 
had, in general, been made worse by the addition of steering; 
so the only conclusion that could be drawn was that fore- 
casts made using figures 14 through 17 (based on surface 
data only) were not improved by using the 500-mb. data 
in this way. 

Various other attempts were made to use steering 
systematically, but all results were disap ointing. One 

data was the combination of the graphical forecast from 
surface data and a steering forecast made using the 500- 
mb. contours 800 milea ahead of the surface low a t  a point 
on the line obtained by using the gmphical forecast from 
surface data. However, when tested on independent 
data, this too failed to improve the original forecasts. 
Data were also examined in an attempt to justify the 
practice of many forecasters who use steering as an indi- 
cator only when certain conditions hold, such as when the 
upper winds are stronger than some arbitrary value. 
However, the data examined did not justify this rule, as 
steering seemed about the same with strong winds as it did 
with light winds. 

This mvestigation does not prove that steering at some 
upper level is not related to the future direction of move- 
ment of the surface low center; on the coDtrary, it  proves 
that a relationship does exist, but it strongly suggests that 

attempt that appeared promising when use B on dependent 

FORECAST VALUES FROM STEER!NG CONTOURS AT W T W Y  POUlT A 1  500 

FIOt’EE 23.-Oraph showlng W m b .  “steering” forecasts (from flg. 22) lotted against 
the forecasts made from graphical technique of figures 14 through 17. &alues appear- 
ing heside plotted points represent observed 30-hour direction of movement of the 
lows.) 

the relationship is not good enough to improve the fore- 
casts which one can make by s stematic use of the four 

hours, direction of movement of the surface center during 
the past 6 hours, direction from the %hour anallobaric 
center to the 3-hour katallobaric center, and orientation 
of the major over-all trough in the sea-level pressure pat- 
tern. It is apparently true that the surface low and the 
upper winds generally move more or less in the same 
direction, but in many cases the deviation is more than 
30°, and any forecast that misses the direction of move- 
ment of the low by such an amount is an unsatisfactory 
forecast if the low moves appreciably. One should con- 
clude, simply from an inspection of figure 19, that such an 
inadequate concurrent relationship can hardly be expected 
to improve forecasts when an arbitrary lag of 24 to 30 
hours is imposed. 

In conclusion, although there are many ways to con- 
sider steering that were not investigated, the work done 
shows rather convincingly that, in general, the forecasts 
which can be made using the four surface parameters 
named above cannot be improved by the systematic use 
of the steering flow at some upper level. 

surface factors-namely, norma 9 direction for the next 24 

12-HOUR PRESSURE CHANQE AT SEA LEVEL 

Many forecasters use the 12-hour pressure change 
chart to a considerable extent. Precisely how it is used 
to assist them in forecasting the 30-hour direction of move- 
ment of cyclones cannot be stated in a few words, because 
each forecaster uses it in his own way. In general, how- 
ever, it may be said that its use involves extrapolating 
the areas of 12-hour pressure change and superimposing 
these extrapolated areas on the existing pressure patterns. 
By any graphical technique such as was used in this 
study, it is impossible to evaluate exact1 the same 

it is possible to evaluate certain specific features of the 
12-hour pressure change chart. 

It was sug ested that the direction of movement of the 

be related to the subsequent 30-hour direction of move- 
ment of the low center with which it was associated. 

features which the forecaster uses subjective i y; however, 

12-hour katal s obaric center during the past 12 hours should 
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FIGURE 24 -Graph showing relationship of direction of movement of the lPhour katal- 
lobaric &ter durlng the past 12 hours with the subsequent 30hour dlrectlon of move- 
ment of the low center assodated with it. 

FIOWRP %--Ora h showin relationship between residuals from forecasts made by 
graphicd teehn?que with &metion the lZhour katallobarlc center had moved during 
the past 12 hours. 

Figure 24 shows that a relationshi does exist and that 

chart explains approximately one-fourth to one-third of 
the variability in 30-hour direction of movement. 

In  order to find out whether or not this measure of the 
12-hour pressure change chart would improve the fore- 
casts made from graphs of figures 14 through 17,43 of the 
residuals, or errors from figures 15 and 17 were 
(fig. 25) against t6e direction the 12-hour kata obaric 
center had moved during the past 12 hours. No relation- 
ship is apparent from this graph and a reasonable con- 
clusion is that this simple means of considering the 12-hour 
pressure change chart would not improve the forecasts 
prepared systematically from the surface data, mainly 
because thls parameter contains much the same infor- 
mation as do some of the surface parameters. 

In another evaluation, figure 26 shows the 30-hour 
direction of movement of a number of low centers plotted 
against the location of the 3-hour liatallobaric center with 
respect to the 12-hour katallobaric center. The apparent 
lack of relationship shown by the graph indicates that the 
orientation of the 3-hour pressure fall area with respect to 
the 12-hour pressure fall area is not pertinent information 
for forecasting 30-hour direction of movement of winter 
cyclones. 

The other aspect of the 12-hour pressure change chart 
which was tested individually was the direction the 12- 
hour anallobaric center had moved during the past 12 
hours. Figure 27, plotted to test this, shows that prob- 
ably no significant relationship exists between this factor 
and the subsequent 30-hour dlrection of movement of the 
associated low center. 

Since the subsequent direction of movement of the low 
center seemed to be related to the past movement of the 
12-hour katallobaric center (see fi 24), it  seemed logical 

of movement of the low from the past 12-hour direction 
of movement of the 12-hour katallobaric center might be 
related to (a) the direction the 12-hour anallobaric center 
had moved during the past 12 hours (ordinate in fig. 28) 
and/or (b) the orientation of the line between the 12-hour 
anallobaric center and the 12-hour katallobaric center 
(abscissa in fig. 28). To find this relationship figure 28 
was plotted, with the departure of the direction of subse- 
quent 30-hour movement of the low from the direction of 
past 12-hour movement of the 12-hour katallobaric center 
entered beside each plotted point. There does seem to be 
a tendency for positive departures to be located on the 
left side of the chart, and vice versa. This indicates that 
departures are related to the relative orientation of the 
12-hour rise and fall areas rather than to past movement 
of the 12-hour rise area. Therefore, figure 29 was con- 
structed, substituting the past direction of movement of 
the 12-hour katallobaric center as the ordinate. Data 
entered beside each case and for which isopleths were 
d r a m  are the same as in figure 28. For the 34 cases 
plotted in figure 29, the average bias is nearly zero. For 
the same 34 cases, from figures 14 through 17, the avera e 

from figure 29 are 15' or greater, whde ody 9 of the 
residuals from fi 

as well as do figures 14 through 17, the possibility existed 
that some of the errors which were made using the latter 

this means of considering the 12- g our pressure change 

Potted 

to surmise that the departure of t %- e subsequent direction 

residual was 9.4O. In  comparison, 12 of the residua 7 s 

Even though !Y gure 29 does not appear to fit the data 
es 14 through 17 are 15O or more. 

figures could be accounted for by the forecastmade from 
figure 29. To test this, figure 30 was plotted, shaving 

WCATIW OF 3-HOUR KATALLOEARIC CENTER WITH RESPECT TO @-HOUR KATALLwRY: CENTER the residuals from the graphical forecasts made from 
dependent surface data plotted a@inst forecasts made 
from figure 29, i. e., from the 12-hour pressure change 

Fxonar 28.-Graph showing relationship between the location ofthe %hour katdobarte 
center with respect to the 12-hour katallobaric center and the dlreetlon of obwrved 
3&hour movement of the low centers. 
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OIRECTION OF UOVEIEM OF 12-HOUR I\puLt.mmccumR IN PAST le HOURS 

FIGWE n.-Oraph ahowfng relationship between direction of movement of the 12-hour 
anallobaric canter and the direction of observed 3CkbOUr movement of the low center 
associated with it. 

... 
... I 

..,a 

ARIC CENTER 

FIGWEE 28.-Ctraph showing departures (data plotted beside each point) of subsequent 
&%hour direction of movement of lows from past lPhour direction of movement of the 
lPhour katallobarlc center 8s a function of (a) the direction of past lPhour movement 
of the anallobaric amtar. and @) the orientation of the line between 
lobaric center and the 12-hour katalloharic center. 

the 12-hoUr aiai- 

chart data. No significant regression was apparent, and 
therefore the information from the 12-hour pressure 
change $art was simply a duplication of the information 
which went into figures 14, 15 16, and 17, and did not 
improve the original graphicaj forecasts. This sort of 
duplication of information seems to be characteristic of 
meteorological phenomena; the various aspects of a 
current synoptic situation are so interrelated that it is 

et a given answer in many different ways 

Many other attempts were made to use the l2-hour 
pressure change chart systematically in forecasting the 
direction of movement of low centers. Although certain 
as ects of the chart were found to be related to the 

of improving the graphical forecasts made from surface 
data were found. 

“DOMINANT ANTICYCLONES” AT SEA LEVEL 

It frequently appears from an inspection of a series of 
synoptic surface charts that the movement of a given 

ossible to 
from many f ifferent aspects of the situation. 

su t sequent direction of movement of cyclones, no means 

8izm-a - 

-... 
..I. 

DIRECTION FROM 12WOUR ANALLOBARIC CENTER TO IP-nOUR KATALLOBARIC CENTER 

FIQDBE tO.-Graph 

FORECAST M A E  FROM FIGURE 2 9  

showing residuals from forecasts made from flgurea 
plotted agalnst forecasts made from figure 29. 

14 through 17 

cyclone is being affected to a considerable extent by the 
relative position and movement of some nearby anticy- 
clone-an effect referred to as “blocking” in certain types 
of situatiom. Considerable effort was made to systema- 
tize this seeming effect, but the results were largely 
negative. 

In each case, the “dominant high,” or anticyclone, was 
selected from the map by inspection. Generally one was 
chosen which was found in some easterly direction from 
the low center and within approximately 1,000 miles. For 
experimental purposes, the synoptic situation during the 
30-hour forecast period was inspected to find out which 
high cell had appeared to be most important in the move- 
ment of the low, and that high was chosen as the dominant 
one. It was thought that if the high proved important, 
the important features might be the direction from the 
low center to the high center and the direction that the 
high center was moving a t  forecast time. (For the latter 
direction it was generally necessary to measure the direc- 
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ORECTION FROM LOW CENTER TO CENTER OF DOMINANT HIGH 

FIGWEE 31.--Qraph showing relationshlp of direction low center moved during subse- 
quent 30 hours (values entered beside plotted polnts) ta (a) the direction from the low 
center to the dominant high and @) the direction in which the high center had been 
moving during the past 12 ;om. 

tion of movement of the high center over the last 6 or 12 
hours.) For example, a low in eastern Kansas might not 
be expected to move very much north of east during the 
next 24 to 30 hours if an extensive high cell existed in the 
vicinity of Winnipeg and were moving more or less 
southeastward. 

Figure 31 shows the direction from the 1ow;center to 
the center of the dominant high plotted against the 
direction the high center had been moving during the 
past 12 hours. Data entered beside each point are direc- 
tions the low centers actually moved during the subsequent 
30 horn.  The lower right-hand portion of the chart 
represents the example above, and none of the cases therein 
actually moved to the north of east-northeast. The upper 
right-hand portion of figure 31 represents cases in which 
the high was to the northeast and was moving more or less 
toward the northeast. In such cases the low tends to 
follow along behind the high as it moves out. From many 
aspects this chart appears to be reasonable and to be 
somewhat in agreement with synoptic experience, but 
too many cases do not fit. If a logical pattern could be 
drawn, it would be an extremely complicated one with 
regions of more or less discontinuity in it. 

Charta similar to figure 31 were constructed with the 
residuals from figures 14, 15, 16, and 17 entered beside 
each plotted point. For all cases together, no relation- 
ship was apparent; but when the cases were stratified 
according to geographical types, the residuals from fore- 
casts for the Alberta Lows seemed to be systematically 
distributed. However, when tested on independent data 
the relationship was almost completely reversed, so the 
idea of improving the graphical forecasts by using the 
dominant high was abandoned. 

THICKNESS O F  THE LAYER FROM 1,000 TO 700 MB. 

It has been suggested that cyclones tend to follow 
Clo~ely along the line which represents the thickness of 
the layer from 1,000 to 700 mb. above the surface low 
center. A subjective examination of the data indicated 
that t h i s  was generally true, but no lag relationship could 
be found. To use this parameter, i t  would be necessary 
to forecast first the subsequent osition of the thickness 

30-hour direction of movement of cyclones. This ap- 
peared to be a problem which was a t  least aa m c u l t  as 

line in question before it could B e applied to forecasting 

forecasting the direction of the low center itself; so after 
a considerable amount of experimenting with some em- 
pirical methods of using the thickness chart, that too 
was abandoned. 

24-HOUR HEIGHT CHANGE8 AT 500 MB. 

It has been suggested by Schmidt [SI and by others [SJ 
that surface lows tend to move in 24 hours into the 
region currently occupied b the positive 24-hour height 
change area at 500 mb. &I investigation of the data 
disclosed that this rule must often be applied rather 
subjectively and even then it often fails. 

The sample of dependent data which was used through- 
out this study included only 3 months for which 500-mb., 
24-hour height change charts were available; so it was 
not possible to make exhaustive tests. The rule proved, 
however, to be correct within 15' in 8 of the 15 cases 
tested. Examination of these 15 cases showed that this 
500-nib. indication was usually quite different from the 
indication obtained from the graphical forecast using 
surface data and that possibly it contained independent 
information. Figure 32 shows the differences between 
the graphical forecast and the observed 30-hour directions 
plotted against the differences between the graphical 
forecasts and the directions to the 24-hour positive 
height change area a t  500 mb. Apparently a relationship 
exists between these parameters which could be utilized for 
a slight improvement in graphical forecasts. However, in 
9 out of 10 independent cases used in testing, an exactly 
opposite relationship was suggested; therefore, it was 
concluded that both original and test samples were too 
small and it is very likely that no relationship exists. 

GEOGRAPHICAL DISTRIBUTION OF REGIDUALS 

It would seem that perhaps this graphical procedure 
which considers all cases more or less regardless of geo- 
graphical type and location would tend to produce errors 
of a certain sign in certain areas. Therefore, figure 33 
was prepared to show each case plotted at  the position 
where the surface low center existed at  the time the fore- 
cast was made. Beside each point the residual from fore- 
casts made from figures 14, 15, 16, and 17 was entered. 
(Positive values indicate that the isopleths on the charts 
forecast a direction which was to the north of the observed 
direction.) Although isograms were drawn on figure 33, 

MlWS (DIRECTION OF 30-HOUR GRAPHICAL FORECAST) - 
FIGWE Ill.--Oraph showin ditlerence.9 between the graphical fooreeastd and the o-ed 

directlorn of movement ofthe low canten lotted agalnst the dtfferencea between the 
graphical foreeaste and the direction to & %hour posiUve height ohmgo UBO at 
600 mb. 
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FIGWEE =.--Map showing a plot of each of the 68 mses of dependent data in its pographiml location at the time the furecast w86 made. Isopleths are dmwn 
from values entered beside aach point which represent residuala from forecasts made from Bgures 14 through 17. 

there was considerable doubt as to their validity. When 
the chart was used to determine ‘(expected error” for 27 
independent cases, 10 cases were improved, 11 cases were 
made worse, and 6 cases were not changed. This sug- 
gested that no conclusions can be drawn as to the prob- 
able amount and sign of the forecasting error due simply 
to the location of the low in question. 

RESIDUALS AND THE SIGNIFICANT VARIABLES 

In order to determine whether or not each of the four 
variables in fi urea 14, 15, 16, and 17 was used as well as 

plotted against each of the four variables separately. 
Figure 34 shows the residuals from the 68 cases of de- 
pendent data plotted against the direction the surface low 

was practicab 7 e, the residuals from these charts were 

center had moved during the past 6 hours. No significant 
regression is apparent, but it should be noted that all 
errors of 20’ or more occurred when the direction of move- 
ment during the past 6 hours had been toward the east 
or to the south of east, even though the majority of such 
cases were forecast correctly to within about 12’. In 
using the system, therefore, the forecaster should be par- 
ticularly careful when making forecasts for lows which 
have not recurved. 

Figure 35 shows the residuals from the same 68Tcases 
plotted against the normal direction. No relationship is 
apparent, but it can be seen that the large errors occurred 
with cases having ne ative normals. Nearly all cases to 
the left of the vertica 5 zero line on Figure 35 are cases of 
Alberta Lows, and although most are forecast fairly well, 
some are complete “busts.” 

howr 34 -Graph showin realduals from forecasts made b use of graphid tech- 
dque plotted against the %Irectlon the surlaca low eanter halmoved during the past 
6 h o w  for the 08 c a m  af dependent data. 

FIGWEZ a6.-Grsph bowing residuals from foreetuts made by use of graphical technique 
lotted agalnst the dlrection of normal %hour movement of low centers for 68 casea of 

Bependent data. 
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Frawr M.--aiaph showing residuals from forecasts made by uae of gm hlcal technlgue 
plotted @nst the direction from the %hour anallobarh center to t ie 3-hour katal- 
obario canter for the IM casea of dependent data. 

Figure 36 shows the same residuals plotted against the 
direction from the 3-hour anallobaric center behind the 
surface low to the 3-hour katallobaric center ahead of it. 
Again no relationshi is apparent. The large errors seem 

tween 1 8 O  and -36O, but since a large part of the cases 
lies in that range, this is not particularly useful information. 

Figure 37 is a diagram showing the residuals as a func- 
tion of the orientation of the major over-all trough in the 
sea-level pressure pattern. No relationship exlsts, and 
little, if anything, can be said as to the likelihood of 
occurrence of lar e errors with any particular range of 

In conclusion, it may be said that the four surface 
factors which were used to construct figures 14,15,16, and 
17 were used in such a way that additional information 
cannot be readily obtained from them. 

SUGGESTIONS 

to have occurred w E en the isallobaric direction was be- 

values of trough I f  irection. 

This study has brought to light five “unusual” cases, 
for which complete case studies should be made. Four of 
them were unusual inasmuch as the forecast results pre- 
pared by the system comprised in figures 14, 15, 16, and 
17 were in error in positive amounts of 25’ or more-that 
is, the direction forecast was more than 24O to the left of 
the observed direction of movement of the lows. The 
fXth case was unusual because the low center actually 
moved 33’ to the right of the forecast direction. “Un- 
usual” is defined in this way to dzerentiate from the 
frequent use of the term in connection with cases in which 
the resultant direction, amount of dee ening, speed of 

unusual. ’use of the term in the latter manner is often 
misleading, because as f a r  as the forecast is concerned, 
there may be nothing unusual about such a case-the 
observed movement actually being close to what would 
have been forecast from a systematic consideration of the 
current syno tic situation. The unusual case more often 

ened 30 mb. in 24 hours, but the one in which tpe low 
center deepened 6 mb. in 24 hours when, from all mdica- 
tions, it should have Wed about 20 mb. 

movement or some other particular weat % er factor is itself 

turns out to g e not the one in which the low center deep- 

Frawsl 37.-Graph showin8 residuals from forecasts made by we of grapbloal technlgue 
plotted agalnst the orlentation of the malor 8x1s of the low for the 88 casea of dependant 
data. 

The dates and locations of the unusual cases in this 
study are as follows. As stated above, the first four cases 
are those which were in error in positive amounts of 25’ 
or more; the fifth is the case which was in error in the 
negative amount of 33O. 

1 .  A Colorado Low near Little Rock Ark., a t  0030 Z. 
on January 27, 1942. 

2. A Colorado Low near Valentine, Nebr., a t  0630 Z. 
on January 6,1943. 

3. An Alberta Low near Valentine, Nebr., a t  1830 
Z. on January 15, 1943. 

4. An Alberta Low near Williston, N. Dak., a t  0630 
2. on January 13, 1945. 

5. A Northern Rocky Mountain Low near Amarillo, 
Tex., a t  0630 Z. on December 24, 1945. 

Presumably the clue to the correct forecast in these five 
cases does not lie in such simple things as a steering current 
or a map of sea-level pressure changes. The answer may 
not be on any of the synoptic charts a t  all, but, on the 
other hand, it probably is. Some of the unpublished 
aspects of this study suggest that the answer lies some- 
where in the temperature field. 

From an insdlicient study of these five cases, it appears 
that the forecast is likely to be for movement too far to 
the left when an extensive high pressure area a t  sea level 
lies to the north or northeast of the low center and is 
bringing cold air rapidly southward into the region along 
the forecast path of the low center. This reasoning, how- 
ever, does not appear to hold in the case of the low center 
at Little Rock. 

CONCLUSIONS 

The graphical device developed in this study for fore- 
casting the 30-hour direction of movement of winter 
cyclones in the region to the east of the Continental 
Divide has been used, when applicable, in the routine of 
the WBAN Analysis Center in the preparation of their 
30-hour prognostic sea-level pressure charts since it 
was made available to them last winter. Forecasters 
there seem to have found it a valuable tool for assisting 
them in the preparation of the prognostic chart. 
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In  the course of this study, about 25 or 30 different 
factors were investigated in an attempt to find items which 
were related to the subsequent direction of movement of 
cyclones. Obviously the entire investigation has not 
been described in this report, but the author will be glad 
to supply any information possible to those who may wish 
to communicate with him on phases of the problem which 
seem to have been overlooked. 
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